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This article is motivated by the concern that published cost-effectiveness evaluations of vaccination programs are often conducted in comparison to a nonvaccination scenario [2] [3] [4] [5] [6] [7] [8] and that failure to account for considerations of scale-notably, the vaccination coverage both prior to and after program implementation-can lead analysts to ignore the nonlinear effects of herd protection and may misrepresent the cost-effectiveness of program expansion.
We used a simple model of influenza transmission to show how coverage rates affect costeffectiveness in the evaluation of vaccination programs when herd protection effects are considered. Specifically, we show how estimates of costs, health outcomes, and cost-effectiveness of the vaccination program change with different levels of vaccination coverage due to the herd protection effect.
METHODS

Disease Transmission Model
A standard susceptible-infectious-recovered (SIR) differential equation model was used to capture influenza transmission dynamics ( Figure 1 and Table  1) 9 and to estimate the disease incidence at varying levels of vaccination coverage in a population of 100,000 homogeneous, randomly mixing individuals. Vaccination efficacy (e) was assumed to be 70%. 10 The basic reproduction number (R 0 ), the mean number of infectious cases from a single infection in a totally susceptible population, was assumed to be 1.5, 11 producing an influenza attack rate of approximately 10% at 35% vaccination coverage, which mirrors the typical influenza season in the US. 12 The contact rate was parameterized to generate the R 0 value, based on the relationship between the contact rate and basic reproduction number: R 0 3 g. The force of infection, l(t), was obtained by multiplying the contact rate with the proportion of individuals who were infectious at time t. The vaccination program was analyzed over 180 days, corresponding to a typical seasonal influenza epidemic.
Cost-Effectiveness Analysis
We measured program effectiveness in terms of influenza cases averted, an outcome that is fit for the present purpose of estimating the influence of coverage on incremental vaccine cost-effectiveness. We developed model-based estimates of the total number of influenza infections that occur as vaccination coverage varies from 0% to 100% in 10% increments. Incremental effectiveness was calculated in comparison to a 10% reduction in vaccination for each level of vaccination coverage.
We adopted a societal perspective in which all costs were relevant to the analysis. 13 The costs of vaccination, treatment, and hospitalization associated with influenza infection were reported [14] [15] [16] ( Table 1 ). The total cost of vaccine delivery was calculated as the product of a constant unit cost and the number of individuals vaccinated. Treatment costs were calculated by multiplying average costs of the influenza treatment, the disease incidence, and the probability of seeking treatment. Hospitalization costs were calculated by multiplying the hospitalization costs, the disease incidence, and the probability of hospitalization. All costs were adjusted to 2010 US dollars using the Medical Care component of the Consumer Price Index.
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RESULTS
Effectiveness
Although the number of influenza cases decreases monotonically with vaccination coverage, the marginal returns to increased investment 28 Meltzer and others d. Hospitalization costs include the costs of hospitalization ($2598), additional costs of intensive care unit (ICU) treatment ($4883), assuming the probability of being treated at the ICU is 15% given hospitalization, 15 and patient time costs (4 days). 15 e. The probabilities of seeking treatment and hospitalization were calculated as the weighted average of the probabilities among high-risk adults and not high-risk adults and children by the distribution of influenza cases given by Meltzer and others.
29 Figure 1 Model of susceptible-infectious-recovered (SIR) disease transmission. l(t) represents the force of infection, e represents vaccine efficacy on susceptibility, and g represents the recovery rate (1/infectious period). Su, Iu, and Ru represent the susceptible, infectious, and recovered population among the unvaccinated, respectively. Sv, Iv, and Rv represent the susceptible, infectious, and recovered population among the vaccinated, respectively.
rise initially and are maximized at 35% coverage but decline at coverage above 35% (Figure 2A ). When there was no vaccination, we observed 58,000 influenza cases, but 10% vaccination coverage averted 10,000 (17%) of those 58,000 cases. Increasing the vaccination coverage to 20%, 30%, and 40% eliminated 36%, 63%, and 95% of the cases, respectively. Because 50% vaccination coverage virtually terminated the epidemic, increasing coverage beyond 50% had almost no incremental impact on cases averted.
Costs
At vaccination coverage up to 40%, the medical cost savings from reduced influenza infection offset the rising costs of increased coverage. At very low vaccination coverage, total costs were dominated by high costs of treatment and hospitalization. In contrast, at vaccination coverage levels sufficient to halt an epidemic, total costs equaled vaccination costs. Total costs were minimized at 46% vaccination coverage, eliminating 99% of cases and their associated costs and sparing 50% of the population the cost of the vaccine ( Figure 2B ).
Cost-Effectiveness Analysis
Increasing vaccination coverage up to 40% reduces total costs because the savings from reduced treatment and hospitalization offset the expanded costs of vaccination. Thus, all strategies from 0% to 40% coverage are dominated by higher coverage strategies. The incremental cost-effectiveness ratio (ICER) was $1699 per case averted when vaccination coverage increased from 50% to 60% (Table 2) . Above 60% coverage, the marginal returns to additional investment in vaccination decreased. Vaccination costs increased linearly with vaccination coverage; however, the number of additional cases averted decreased with increasing coverage. The cost of averting one additional case was $9879 when coverage increased from 60% to 70%. Costs per case averted were 28 times higher when coverage increased from 80% to 90% than when coverage increased from 50% to 60%. 
DISCUSSION
The Panel on Cost-Effectiveness in Health and Medicine recommends that cost-effectiveness analysis be conducted from the societal perspective and that the benefits of an intervention include direct and indirect effects. 13 We show that the indirect effects of vaccination introduce fundamental nonlinearities into the relationship between vaccination coverage and costs and that the ICERs of expanded vaccination coverage are consequently scale dependent. Based on incremental costs and benefits, our cost-effectiveness analysis demonstrates that influenza vaccination generates savings in total cost, particularly at lower vaccination coverage, reflecting indirect effects. However, once herd protection terminates transmission, any further increase in vaccination coverage incurs a steady rise in the costs of vaccination, resulting in less favorable ICERs for the same percentage increase in vaccination coverage.
Our finding of the scale dependency of the ICER indicates that cost-effectiveness assessment requires adequate specifications of comparator and target coverage rates, as the incremental costs and benefits of a given percentage improvement in vaccine coverage depend on both the initial and final vaccination rates. This suggests that analysts must take particular care in defining an appropriate baseline comparator and in specifying target coverage rates.
Static models presume a linear relationship between coverage rates and vaccination outcomes. However, nonlinear herd protection effects may exert significant influence over the cost-effectiveness predictions. We show that the use of epidemiological models of disease transmission is essential to account for the scale dependency of cost-effectiveness. In addition to the use of dynamic models to incorporate herd protection effects into cost-effectiveness analyses, 14, 18, 19 other studies have used static models that add a lump sum of costs due to secondary infections into the base cost of each primary infection 2, 3 or have assumed a linear risk reduction in the nonvaccinated population. [20] [21] [22] [23] [24] These static methods require that the number of infected individuals remain constant, thus presuming that disease incidence is linearly related to vaccination coverage and constraining predictions regarding the cost-effectiveness of a vaccination program at different levels of vaccination coverage.
One possible limitation of our study is the simplifying assumption that vaccination costs increase linearly with coverage. A more realistic cost function may exhibit increasing marginal costs at higher coverage levels, 25, 26 resulting from the increasing difficulty of identifying new candidates for vaccination. However, any refinement of our assumption to capture rising vaccination costs at higher coverage levels would most likely strengthen our conclusions because the costs of increasing vaccination coverage would rise faster and result in even less favorable ICERs at higher coverage levels.
Our objective, in this article, was to highlight the influence of total vaccination coverage on cost-effectiveness. To that end, we have employed a simple model that omits the fine detail of influenza epidemiology in exchange for clarity of presentation. These results may be generalized to other infectious diseases. A particularly promising area of application is the case of relatively new vaccines that experience rapid, widespread adoption. Two examples in the US might be vaccination programs against varicella and human papillomavirus. In each of these instances, vaccine coverage has increased so quickly that assessments of the costeffectiveness of further expansion will hinge on what is assumed about the baseline comparator and the assumed coverage at baseline.
Although the concept of herd protection is well understood and widely applied in studies of population biology, it has not been fully explored in the context of cost-effectiveness studies. Our study shows that the cost-effectiveness of influenza vaccination depends on the choice of the comparator and the target coverage level evaluated. These findings should inform both cost-effectiveness analyses and resource allocation for vaccination against influenza and other diseases.
